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I. INTRODUCTION 



Neutrino oscillation experiments have steadfastly established that neutrinos are massive 
and mix between different flavours. The Standard Model (SM) does not accommodate any 
right-handed (RH) partner for the neutrino and hence they remain massless. Thus, existence 
of neutrino mass requires one to tread beyond the standard paradigm. A prevalent way to 
generate small neutrino mass is through the seesaw mechanism. This is due the Weinberg 
operator uLLHH [1] where L and H are respectively lepton and Higgs fields transforming 
as SU(2) doublets; k is the effective coupling which has inverse mass dimension. Such terms 
violate lepton number by 2 units and hence essentially predict neutrinos to be Majorana 
particles. Violation of lepton number can be manifested in neutrinoless double beta decay 
(Ov{3(3 ) process : 

(A, Z) -> (A,Z + 2) + 2e~ 

which is therefore of prime importance as it can ascertain the nature of the neutrinos and 
hence the mechanism of neutrino mass generation. The best limit on the half life of this 
process at present is Ti/2 < 3 X 10 25 years coming from the Heidelberg-Moscow experiment 
using 76 Ge [2]. This translates to a bound on the effective neutrino mass [3] 

m cS < 0.21 - 0.53 eV (1) 

where the range is due to the uncertainty in the nuclear matrix elements. There are many 
other upcoming experiments to improve this bound [4] and also to test the claim of the 
positive evidence for 01/(3(3 by a part of the Heidelberg-Moscow Collaboration [5, 6]. 

If the only contribution to 0u(3(3 is through exchange of light neutrinos then the effective 
neutrino mass is just the absolute value of the (ee) element of the low energy neutrino mass 
matrix in the flavour basis. However there can be other scenarios like models with heavy 
right-handed neutrinos [7-9] , R-parity violating Supersymmetry [10-13], extra dimensional 
[14] scenarios etc. which can give rise to additional diagrams contributing to the neutrinoless 
double beta decay process. Of special importance are the scenarios where the scale of new 
physics is at ~ TeV since then the additional contributions to 0u/3/3 can be significant [15- 
17]. Such models have recently gained prominence since it these can be probed at the LHC 
and can also give rise to Lepton Flavour Violating processes[18]. It is noteworthy to mention 
at this point that lepton number violation can also be probed at LHC through the so called 
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golden process [19] producing same sign di-leptons in the final state and complimentary 
information from LHC and Ou/3/3 may help in consolidating the nature of new physics and 
origin of neutrino mass. 

In this paper we focus on the TeV scale left-right symmetric seesaw models for generation 
of neutrino mass and the implications for 0v(3/3 . Left-right (LR) symmetric models were 
motivated from the perspective of restoring parity symmetry at a high scale. This required 
placing the left- and right- handed fermions on the same footing by putting them as part of 
SU(2)l and SU(2)r doublets respectively [20]. The observation of parity violation in weak 
interaction indicates that the LR symmetry is broken at a low scale and in the Minimal 
LR symmetric model this is achieved by triplet scalar fields. Such a framework naturally 
generates neutrino masses through type-I seesaw due to the right-handed neutrinos [21] and 
type-II seesaw via the triplet scalars [22]. 

Because SU(2)r is a gauge symmetry the LR symmetric models contain right-handed 
charged currents mediated by Wr boson. If the right-handed Wr masses are around TeV 
then it is possible to access them at LHC. This has motivated several studies recently 
with the right-handed Wr at the TeV scale [23-25]. In such a scenario, one can have 
contributions to Qv(3(3 from both left-handed (LH) and right-handed currents via exchange 
of light and heavy neutrinos respectively. Additionally there can be diagrams mediated by 
the charged Higgs fields. Our work scrutinizes in detail the relative contributions of various 
diagrams for TeV scale LR symmetric models. We consider seesaw scenarios with type-I, 
and type-II dominance and discuss the behaviour of the effective mass in different limits. 
The implications for type-II seesaw dominance in the context of LR symmetric models have 
been considered in [16]. In our work we present the analytic expressions of the effective 
mass in different limits and discuss their dependence on the neutrino oscillation parameters. 
In particular we incorporate the recent results on #13 measurement from Daya-Bay [26] and 
RENO [27] experiment and discuss the consequences. We also study the contribution of the 
triplet Higgs mediated diagrams and discuss for which scenarios it can contribute. 

The plan of the paper is as follows. In the next section we discuss type-I, and type-II 
seesaw in LR symmetric model. In section 3 we consider neutrinoless double beta decay 
due to light neutrinos. In section 4 we examine the other additional contributions to 
within the LR model in both type I, and type II dominance. We also summarize briefly the 
possible impact of the Higgs triplet contribution at the end of this section. In the Appendix 
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we present the Feynman diagrams and estimated different contributions. We conclude with 
an overview of our study. 



II. NEUTRINO MASS IN LR SYMMETRIC MODEL 

In left-right symmetric models, the standard model gauge group is aug- 
mented to include a right-handed SU(2) counterpart enlarging the group to 
SU(3) C ® SU(2) L ® SU{2) R ® U(1) B -l- Thus along with the left-handed doublet 
fermions we also have replicas that transform as doublets under SU(2) R . The SU(2) R 
is related to the SU(2)i, by a discrete symmetry which is the anthem of the left-right 
symmetric model. We restrict ourselves within the so-called minimal form of the model 
that includes a bidoublet($), triplet(Ai/ R )-scalars, right-handed neutrino (Nr), extra gauge 
bosons(Wj^, Z 2 ) along with the SM particles. The assigned quantum numbers of these 
extra scalars under SU{2) L ® SU(2) R Cg> U(1)b-l rea d as: 

$ EE (2, 2, 0), Ax EE (3, 1, 1), A R EE (1, 3, 1). (2) 

The Lagrangian giving the neutral fermion mass terms is 

£y = f L lICia 2 A L l L + f R f R Cia 2 A R lR + l R {y D <f> + y L $)l L + h.c, (3) 

where Il{Ir) denotes the left (right)- handed fermion doublets and $ = a 2 ^*<y 2 . The bi- 
doublet Higgs acquires vacuum expectation values (vev) as: 

<$>= (o°)' (4) 

The charge lepton masses are given as: 

mi = y D v + y L v (5) 
m D = y L v + y D v. (6) 

Here, we consider yr,v >> yi,v , and yiv >> yov so that the Yukawa coupling matrix 
responsible for charged fermion masses is while for the neutrino masses it is yo- 
Once the Higgs fields develop vev the neutral fermion mass matrix becomes 

M^l^f"!, (7) 

Vd v jr v r 



where < A^ >= vl, < A# >= v R . After block diagonalizing M v in the seesaw approxima- 
tion (f R v R » y D v) we get 

(m l ; 9h %,3 = hv L + -ylfn'yD, (8) 

V R 

(m R avy ) 3x3 = f R v R , (9) 

where, the first term in Eq.(8) is due to type-II seesaw whereas the second term corresponds 
to type-I seesaw mediated by right-handed neutrinos. 

In this model the Yukawa couplings fi and f R are not independent but related to each 
other. We can have either = f R , and Ul = U R or /x = f R , and Ul — U R as an artifact 
of the LR-symmetry. This constrains the extra freedom in the Yukawa sector and reduces 
the number of free parameters. 



III. NEUTRINOLESS DOUBLE-/? DECAY IN THREE GENERATION PICTURE 



In the standard three generation picture the time period for neutrinoless double beta 
decay is given as, 



In 2 



G 



m, 



\m 



eel 2 



(10) 



where G contains the phase space factors, m e is the electron mass, M, u is the nuclear matrix 
element. 



\m. 



(11) 



is the effective neutrino mass that appear in the expression for time period for neutrinoless 
double beta decay. 

The unitary matrix U is the so called PMNS mixing matrix which coincides with the 
neutrino mixing matrix in the basis where charged lepton mass matrix is diagonal. The 
standard parametrization for this is 



U 



\ 



Cl2 C13 



Sl2 C13 



"C23 s 12 — ^23 s 13 c 12 C23 C12 — S23 Sis S 12 ^ 



si 3 e 

S23 c 13 



•S23 s 12 — C23 S13 C12 e lS — S23 C12 — C23 S13 S12 e* 5 C23 C13 



/ 



p. 



(12) 



The abbreviations used above are Qj = cos^j, = sin 6^-, 5 is the Dirac CP phase while 
the phase matrix P = diag(l, e* Q2 , e^ Q3+<5 ^) contains the Majorana phases 012 and a 3 . The 3 
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parameter best-fit 3a 
Am 2 ol [10~ 5 eV 2 ] 7.58 6.99-8.18 
|Am2 tm |[10- 3 eV 2 ] 2.35 2.06-2.67 
sin 2 6»i2 0.306 0.259-0.359 

sin 2 6*23 0.42 0.34-0.64 

sin 2 0i3 0.021 0.001-0.044 

TABLE I: The best-fit and 3cr values for the mass squared differences and mixing angles from [28]. 

a ranges of the mass squared differences and mixing angles from global analysis of oscillation 
data are depicted in Table I. Recently the evidence of non-zero #13 at more than 5<r were 
reported by the Daya-Bay [26] and RENO [27] experiments with best-fit values and 3a 
ranges of sin 2 6*13 as, 

Daya - Bay : sin 2 13 = 0.023 (best - fit); 0.009 - 0.037 [3a range) 

RENO : sin 2 9 13 = 0.026 (best - fit); 0.015 - 0.041 (3a range). 

Thus there is an increase in the lower limit and a decrease in the upper limit of #13 as 
compared to the values given in Table I. 

With the parametrization of the mixing matrix in Eq.(12) the effective mass |m^ e | be- 
comes, 

\ml e \ = \m lC j 2 c 2 13 + m 2 s 2 12 c 2 13 e 2ia2 + m 3 s 2 3 e 2iQ3 1 . (13) 

The effective mass assumes different values depending on whether the neutrino mass states 
follow normal or inverted hierarchy or they are quasi-degenerate. Where, 

• Normal hierarchy (NH) refers to the arrangement which corresponds to vii\ < ni2 « 
?ri3 with 

m 2 = sjm 2 + Am 2 ol , m 3 = ^m 2 + Am 2 tm + Am s 2 ol . (14) 

• Inverted hierarchy (IH) implies m 3 « mi ~ ni2 with 

m i = \l m l + Am atm , m 2 = ^m 2 + Am 2 ol + Am 2 tm . (15) 

• Quasi degenerate neutrinos correspond to mi ~ m 2 w m 3 >> \J Am 2 im . 
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Fig.(l) displays the effective mass governing 0v(3(3 as a function of the lowest mass scale 
in the standard three generation picture for various mass schemes. The gray (lighter) band 
for NH corresponds to varying the parameters in their 3a range as given in Table I whereas 
the black band corresponds to the best-fit parameters. In both figures the Majorana phases 
are varied between to 2ir. The figure in the left panel is for 3a ranges of sin 2 #13 from Table 
I whereas the plots in the right panel use 3a range of sin 2 #13 as measured by the Daya-Bay 
experiment. Below we discuss briefly the limiting values of effective mass for different mass 
schemes. We also comment on the impact of the Daya-Bay and RENO measurement of #13 
on the effective mass. The different limits of Eq.(13) depend on the relative magnitudes of 
OTi, y/ Am s 2 ol ~ 9 x 10~ 3 eV, y/ Am 2 im ~ 0.05 eV. Of special importance is the mass ratio 

I /\tti ~ I 

r — a — ■ 111 Table II we put the 3a ranges of different parameters and their combinations 
that will be relevant for our discussion. 







yfr sin 2 #i2 


y/r COS 26*12 


tan 2 0i3 


y/r tan 2 13 


Maximum 


0.2 


.072 


.096 


.046 (.037) 


0.009 (0.007) 


Minimum 


0.16 


.042 


.046 


.001 (.009) 


0.0001 (0.002) 



TABLE II: The 3a ranges of different combinations of oscillation parameters relevant for under- 
standing the behaviour of the effective mass in different limits. The values in the parentheses in 
the last two columns are from Daya-Bay results. 

A. Normal Hierarchy 

In the strictly hierarchical regime (mi << m% ~ \J Am^, << m 3 m yj Am 2 tm ) the 
effective mass due to the light neutrinos, can be approximated by 

\ml e \ NH = VAmL \yTrs\Az^ a2 + s\^\. (16) 

The maximum value of this corresponds to the phase-choice «2 = «3 = while the minimum 
occurs for a 2 = 0, 03 = 7T. Since the upper limit of sin 2 # 13 from Daya-Bay measurement is 
less than the upper limit of sin 2 6*13 given in Table I the maximum value of |m^ e | jv# becomes 
lower and minimum value becomes higher in the second panel of Fig.(l). In this limit both 
the terms can be comparable resulting in complete cancellation if the following condition is 
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fulfilled: 

yfr sin 2 9 12 = tan 2 6»i 3 . (17) 

Comparing the columns 3 and 5 of Table II we see that using the range of 9 13 measured by 
Daya-Bay experiment, complete cancellation is not satisfied exactly. This condition changes 
as we increase m\ and approach the limit of partial hierarchy: m\ m m 2 ~ a/ Am^ << 
m 3 « a/ Am^ tm the minimum value for the above expression correspond to the phase choices 
a 2 = a 3 = 7r/2, The condition for complete cancellation now alters to, 

y/r cos26 12 = tan 2 6 13 . (18) 

From the 3a ranges of parameters in Table II we see that in this region complete cancellation 
takes place in both panels in Fig.(l) resulting in very low values of the effective mass. Thus, 
maximum and minimum values of the effective mass is sensitive to the value of #13 in this 
region. 

B. Inverted Hierarchy 




10" 5 10" 4 10" 3 10" 2 10" 1 10° 10" 5 10" 4 10" 3 10" 2 10" 1 10° 

lightest mass (eV) lightest mass (eV) 

FIG. 1: The canonical contribution from light neutrino mass with #13 from [26] (left) and from 

[28] (right) to the neutrinoless double beta decay. 

In the inverted hierarchical case, mi « m 2 >> m 3 and for the smaller values of vn 3 such 
that m 3 << a/ Am^ tm , m 2 rs m\ « a/ Am^ tm the effective mass is given as 

\ml e l H = ^(44 + si 2 cj 3 e 2 ^). (19) 
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\m e ^\ in this region is independent of 7713 and is bounded from above and below by a 
maximum and minimum value given by 

Kir™, = 4\/^L («2 = 0,7T) (20) 

|<| mffl = 4co S 2^ 12V /Am^ m ( aa = tt/2, 3tt/2). (21) 

As m 3 approaches a/ Am^ m , the other two masses can be approximated as, m 2 ~ mi m 
\J 2 Am^tm and the effective mass becomes, 

|m e ;|^ = v / A^(v / 2c? 3 (4 + S ? 2 e 2 ^) + ^.e*-) (22) 

The maximum value of this corresponds to a 2 = 03 = and complete cancellation cannot 
take place. For still higher values of m 3 one transcends into the quasi degenerate limit. 

C. Quasi Degenerate 

In this regime the effective mass (for both normal and inverted ordering) is given as 

\mt e \ QD = m \cl 2 c 2 13 + s 2 12 c 2 13 e 2ia * + s 2 13 e 2 ^\, (23) 

where mo ~ mi « m 2 ~ m^. Thus the effective mass due to the light neutrinos increases 
linearly as the common mass scale. 

These well known features are reflected in Fig.(l). In particular the Fig. (1) (right) shows 
the impact of Daya-Bay observations. This impact seems to be nominal for IH. For NH it 
affects the low 777,1 region. 

IV. NEUTRINOLESS DOUBLE-/? DECAY IN MINIMAL LR MODEL 

If we consider the left-right symmetric model then there can be several additional dia- 
grams contributing to this process [29]: 

(a) The right-handed current mediated by Wr can contribute to the process through the 
exchange of the heavy neutrino Nr, 

(b) There can also be light-heavy neutrino mixing diagrams with amplitudes ~ mp /Mr , 

(c) Additional diagrams can also arise due to Wl — Wr mixing, 

(d) Apart from above there can be additional contributions due to the charged Higgs fields 
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belonging to the bidoublet and triplet representations. 

We discuss the relevant Lagrangian and the amplitudes of various contributions in the Ap- 
pendix. In what follows we separate our discussion into three parts (i) type-I dominance, 
(ii) type-II dominance and (iii) contribution from the triplet Higgs. 



A. Type-I Dominance 

In this section we discuss the Qv(3(3 for LR symmetric models with type-I dominance 
with the Wr mass to be of the order of ~ TeV. The type-I term dominates if one takes vl 
= 0. It is well known that the minimization of the potential in the LR symmetric model 
admits this possibility [30]. Then, 

v 2 



-ylr'yD, (24) 



light 
heavy 



mT VV = fa, (25) 

where we have used /l = fn = f. If Ur is the unitary matrix that diagonalizes the heavy 
neutrino mass matrix ttlr, then since vr is a constant, the same Ur will also diagonalize / 
and therefore one can write 

r 1 = UIU^Ur (26) 
Using this in the expression for m l * 9ht one gets 

U R m u Ul = —URy T D U T R {f dia )~ l URy D U T R (27) 



vr 



Where in the last line we have used UrUdUr = Vd which is off course a special choice to 
establish a simplified relation between light and heavy neutrino masses. 
The above choice implies 

U L = U R , and oc (28) 

The proportionality constant depends on the vev's of Higgs which is generation independent 
and also tjd which depends on i. 

In order to write the expression for the half-life of Ovflfl process one needs to know the 
relative contribution of different terms. Since the mass of the right-handed gauge boson is 
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related to the scale Vr, therefore for Mw R ~ TeV the mass of the right-handed neutrinos 
is also ~ TeV scale. However since m 2 D jM.R ~ 0.01 — 0.1 eV, m 2 D should be ~ 10 10 — 10 11 
eV 2 which in turn implies m^/Mjj ~ 10~ 5 — 10~ 6 . Thus light-heavy mixing remains very 
small unless one does some fine tuning of the Yukawa textures [31]. In this approximation, 
the only processes that contribute to the Ozv/3/3 are the Wl mediated diagrams through 
light neutrino exchange and Wr mediated diagrams through heavy neutrino exchange, as 
discussed in the Appendix. 

The Ar mediated diagram can in principle contribute for Wr mass around TeV scale. 
But invoking the constraint from Lepton Flavour Violating(LFV) decays it is seen that for 
majority of the parameter space M^/M^ < 0.1 and hence the Ar contribution can be 
suppressed [16, 32]. We will comment later on this scenario for the case Mjv ~ Ma- 

Under the above approximations the time-period for 0^/3/3 process can be written as: 



In 2 

where 



G{\M V \ 2 \ VL \ 2 +\M n \ 2 \ V r\ 2 ), (29) 



I J J 777 ■ I 

| | = \_J^JM = m ee/ m ^ (30) 

m e 
M 4 

\m\ = J ^\{UR) 2 ei m p /M l \. (31) 

The interference diagram between these two terms is helicity suppressed being proportional 
to the electron mass. The contribution from the neutrino propagator term to the amplitude 
is ~ p^rrfi ^ ne different dependence on the masses for the left and right sector come since 
the exchanged momentum p satisfies rrii « p « Mj. Ai y and A4n are the nuclear matrix 
elements corresponding to light and heavy neutrino exchange respectively. 
Eq.(29) can be expressed as, 

T 0uf3f3 G\Mu\ 2 \, eff,2 



In 2 m 2 e |mee 



(32) 



Therefore the effective neutrino mass governing neutrinoless double beta decay is 

\mt? = KT + |M^| 2 , (33) 



where, 

., Mir (U R ) 2 - 

i M ee\ 



N 



<p> 2 



M' Wr M t 



(34) 
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lightest mass (eV) 



lightest mass (eV) 



FIG. 2: Contributions to effective mass \M^ e \ from only right-handed neutrino (left) and the total 
contributions l-M^M from left+right handed neutrinos (right) in case of type-I dominance. 

is the contribution to effective mass from the right-handed current. In the above expression, 
| < P 2 > | = \m e m p M N /M u \. 

In Fig. (2) we show the effective mass in LR symmetric models under type-I seesaw dom- 
inance. The right-handed neutrino mass My/ R is taken as 3.5 TeV. The mass of the heaviest 
right-handed neutrino is 500 GeV. The allowed value of p is in the range ~( 100-200) MeV. 



In our analysis we have adopted p =180 MeV, M\y L = 81 GeV, C 



N 



V 



2( M w N4 



~ 10 10 eV 2 . 



The left panel shows the contribution from the right-handed current whereas the right panel 
shows the total contribution. For these plots we have used the 3a range of sin 2 9 13 as from 
the Daya-Bay results. Other oscillation parameters are varied in their 3a ranges as given in 
Table I. In order to understand the various features of these diagrams and the interplay of 
the different contributions we examine the expression of effective mass in various limits for 
NH, IH and QD neutrinos. 



1. Normal Hierarchy 

In normal hierarchy regime as rri\ is the lightest neutrino, the heaviest RH neutrino will 
be Mi as seen from the above Eq.(28). The RH neutrino masses M 2 ,M 3 can therefore be 
expressed in terms of the heaviest RH mass as 

Mi~ ma' { } 

Mi m 3 y J 

12 



To find the above simplified relation between light and heavy neutrino masses we consider 
the eigenvalues of yo matrix to be degenerate, i.e., yoi = Vd2 = UD3- We get the effective 
mass due to contribution from the RH neutrinos using above equation Eq.(28) 



M e N e 





r 2 r 2 


Mi 


Cn 
Mi 


2 2 
C 12 C 13 



2 2 

_|_ S 12 C VZ c 2ia 2 _|_ °13 c 2io 



Mo 



M 3 



mi 6 m 1 



" s 13 e 



In the limit when mi << m 2 ~ \J Am 2 oi << m 3 



Am 2 tm the above term reads as 



M e N e 



Cn 
Mi 



c 12 c 13 



s 12 c 13 e 



2i«2 



+ 



\/ Am 



atrra 2 2i«3 

— 6i 3 e 



(37) 
(38) 

(39) 

mi rn\ 
This gives a steep increase in effective mass as we go towards the smaller mi. This is in 
complete contrast with the effective mass term |m^ e |. In this region therefore the total 
contribution is dominated by the RH sector. 

As mi increases and to mi ~ m 2 — y^Krio sol 
term for the right-handed neutrino is 

Cn 



« m 3 ~ y^K 



III 



atm " 



M e N e 



-13V-12 



z | z 
c 19 + s 12 e 



2ict2 N 



+ 



Si 3 e 



2ia? 



The effective mass 



(40) 



for a 2 = 0, a 3 = n/2 we get 
for a 2 = 7r/2, a 3 = 7f/2 



a/t = tan 2 6*i3, 



(41) 
(42) 



\frcos2Q\2 = tan 2 ^13. 

The first condition cannot be satisfied by the present values of the oscillation parameters as 
is evident from Table II. But the second condition is same as what we have got for the light 
neutrino case and cancellations can occur in this range for the right handed sector as well. 



2. Inverted Hierarchy 

In inverted hierarchy regime the lightest neutrino is the m 3 . Therefore the heaviest RH 
neutrino in this ordering will be M3 as is evident from Eq.(28). The RH neutrino masses 
Mi , M2 can therefore be expressed in terms of the heaviest RH Mass as 

Ml = ^l (43) 
M 3 m 2 ' 1 } 

£r = -■ (44) 

M 3 mi y 1 
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The heavy neutrino contribution to the effective mass is given by 



M e N e 



Cn 

M~3 



m l r 2 „2 , ™2 2 p 2 p 2ia 2 

m 3 1Z id m 3 12 id 



2 2ic*3 
*13 e 



(45) 



In the limit m 3 « y Am 2 tm « ni2 
mass is 



mi 



Am^ m the RH contribution to the effective 



M^ e 



Ms 



a/A 



2 3 , \/A 
c 12 c 13 



m 



atm 2 2 „2ia 2 _i_ „2 „2«« 3 
i, 12 c 13 e ' ^13^ 



(46) 

m 3 m 3 

In the above equation the first and the second terms dominate and the effective mass reveal 
an increase with decrease in m 3 for the IH well. 



3. Quasi Degenerate 

In this limit mi ~ m>2 — m 3 which in turn implies Mi 
contribution to the effective mass can be expressed as, 



Mo « M 3 



M e N e 



Cn 
Mo 



r 2 r 2 + s 2 r 2 p 2ic * 2 4- s 2 p 2i ° 3 
c 12 c 13 ^ 6 12 L 13 e ^13^ 



M . The RH 



(47) 



Thus the effective mass is independent of the light neutrino mass and remains constant. 
Since the light neutrino contribution in this limit increases with the mass scale this part 
dominates in the total contribution resulting in an overall increase in the total effective 
mass with increasing mi . 

B. Type-II dominance 



Type-II dominance implies the Dirac term connecting the left- and the right- handed 
states is negligibly small as compared to the type-I term. In this limit we can write 



m 



light 



m 



heavy 
R 



JrVr- 



Denoting the matrices diagonalizing m l * 9ht and m h ^ avy as Ul and Ur respectively, one can 
have two possibilities 



h 
h 



Jr 

f*R 



u 
u 



r, 



r- 



(48) 
(49) 



14 



Using Eq.(48) relation between the light and heavy masses as, 



rrii oc Mi. 



(50) 



Note that the proportionality constant in this case is vl/vr and is independent of the 
generation index i. In this case, using Eq.(50) one can relate the heavy neutrino mass ratios 
to those of light neutrinos as, 



The dominant contributions to 0vf3(3 come from two diagrams one via exchange of the light 
neutrinos and another via exchange of the heavy neutrinos. The charged Higgs diagram as 
well as the Wl — Wr mixing diagrams can be neglected in this limit [16, 32]. Therefore the 
time-period and the effective mass is given by the same expression as in Eq. (33) for the 
type-I case. 



FIG. 3: Contributions to effective mass \M^f \ from only right-handed neutrino (left) and the total 
contributions |M^J from left+right -handed neutrinos (right) in case of type-II dominance. 

Below we discuss the contributions to the effective mass from the heavy sector and the 
interplay of the light and heavy contribution to the total effective mass for NH, IH and QD 
neutrinos. 



and 



M 1 _ mi 
M 3 ~~ m 3 

M 3 m 3 




lightest mass (eV) 



lightest mass (eV) 
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1. Normal Hierarchy 



In order to examine the behavior of the RH current, we fix M 3 (say around 500 GeV). 
Once M 3 is fixed, the other heavy neutrino masses can be expressed in terms of light neutrino 
data and M 3 . Also, one can assume that Ur = Ul- We have assigned the same values of 
p, M Wl and M Wr as mentioned in type-I dominance case. The expression for M^ e now 
becomes, 



\M ee 



N I NH 



M~3 



_2 „2 m 3 , Jl J2 „2ia 2 m 3 , 2 2ia 3 



C 12 C 13 "I" s 12 c 13 e + s 



mi 



12 u 13 c 



m 2 



'13 



(51) 



In the limit of strict hierarchy: m-i << rri2 ~ a/ Am^j << m 3 « a/ Am^ m , the heavy 



neutrino contribution Mjy can be written as, 



|M^ e | 



M~3 



c 12 c 13" 



Si nC 



mi 



12°13 



s 13 e 



2ic*3 



(52) 



For smaller values of mi, the first term dominates showing a steep rise in the effective 
mass parameter as we go towards smaller mi. This is shown in Fig. (3) in the left panel. 
This behaviour is in complete contrast with the effective mass |m^ e | due to the left-handed 
current which can become vanishingly small due to complete cancellation between the various 
contributions. Since the heavy neutrino contribution is much higher, in the total effective 
mass, this plays the dominant role and hence the total effective mass shows a sharp decrease 
with mi in this regime as is seen from the right panel of Fig. (3). In the limit mi ps m 2 ~ 



III 



so/ 



<< m 3 



\M ee 



N \NH 



Cn 
M~ 3 



13 



c 12 + s 



12 



D 2i«2 



.'lia-i 



'13 1 



(53) 



The minimum value correspond to a 2 = 0, a 3 = n/2 or a 2 = a 3 = 7r/2. Complete cancella- 
tion would require 



\/r tan 2 9i 3 



A I Z 

C 12 ^ S 12- 



(54) 



The left-hand side is a product of two small numbers and for the current 3cr range of 
parameters the above condition is not satisfied (cf. Table II) and hence complete cancellation 
cannot occur in this limit as well. As a result in the total effective mass the heavy neutrino 
contribution dominates in this regime. 



1(3 



2. Inverted Hierarchy 



In order to examine the analytical behavior for RH current for IH we fix the highest 
mass state M 2 around 500 GeV. Once M 2 is fixed, the other heavy neutrino masses can be 
expressed in terms of light neutrino masses and M 2 as 

Mi _ mi 

M 2 m 2 ' 
M 3 m 3 



and 

M 2 m 2 



Now the expression for Mff becomes 



\u ee \ - Cn 



2 2 m2 2 2 p 2ia 2 , 2 2ia 3 ^2 
mi ~^13 e m3 



(55) 



For the smaller values of m 3 << i/Amf tm ~ m 2 ~ m x 

Cat 



|M ee 



JvU "~ M 2 



A/Am; 



„2 2 , 2 2 2ia 2 i „2 V ^''-atm 2ia 3 
12 13 12 13 "T 5 13 ^ e 

m 3 



(56) 



It is clear from the above expression that for smaller values of m 3 the absolute value of 
effective neutrino mass varies with the lightest neutrino mass as l/m 3 . Since the contribution 
ml e in this region is smaller the total contribution is dominated by \Mff\ and show the 
l/m 3 decrease. As m 3 increases the third term starts becoming smaller and there can be 
complete cancellations. There are two end points corresponding to a 2 = 0,7r, a 3 = ir/2 and 
a 2 = 7r/2, a 3 = 7r/2) where M^f acquires the minimum value. This leads to the following 
two conditions for cancellation region 



m 3 = V Am^ tm tan 2 13 (57) 
m 3 = a/ Am 2 tm tan 2 9i 3 cos29i2- (58) 

The Eq.(57) gives m 3 ~ 6 x 10~ 5 — 2 x 10~ 3 eV for the 3a ranges of parameters from Table 
I (but sin 2 13 from Daya-Bay) while Eq.(58) gives m 3 = 1.7 x 10~ 4 — 9.2 x 10~ 4 . These 
ranges define the values of m 3 for which complete cancellation can occur. This is reflected 
in Fig(3). However when we consider the total effective mass then the contribution from 
\m e J\ dominates and enforces a lower limit on this. Thus vanishing effective mass is not 
a possibility for both hierarchies in presence of right-handed currents and type-II seesaw 
dominance. 
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3. Quasi Degenerate 



Quasi-degenracy in the light neutrino masses also implies M\ « M2 ~ M3 Mo for the 
heavy neutrinos. In this regime the heavy neutrino contribution to the effective mass is 



|M ee 



N \QD 



Cn 
Mo 



2 2 2ia 2 



-12^13 



12^13 



+ S 



13 



3 2i«3 



(59) 



This is independent of the lightest neutrino mass and hence value of \M^\ remains constant 
with increasing value of the common mass scale. The overall behaviour of the total effective 
mass in this regime is therefore controlled by the lighter neutrino contribution and increases 
with increasing mass. 



C. The contribution from the triplet Higgs 




The Majorana masses of light and heavy neutrinos comes naturally in left-right model 
because of the two triplets A LR . As discussed in the appendix the contribution from A L 
is much suppressed as compared to the dominant contributions. However the magnitude 
of the Ar contribution is controlled by the factor Mi/M^ R . In the earlier sections we 
have not included the contribution due to the triplet Higgs diagrams under the assumption 
Mi/M/\ R < 0.1 , which is obtained from LFV processes [16]. However, this approximation 
though valid in a large part of the parameter space there are some allowed mixing parameters 
for which this ratio can be higher [16] . In that case the contribution from this diagram 
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needs to be included. In order to asses the impact of this contribution below we discuss the 
effective mass due to the diagram (see Appendix) in the limit Mheaviest = M& R . 

Comparing with the light neutrino exchange diagram, the A# exchange diagram (which 
is shown in Fig. (4)) gives the effective mass as, 

^ 2 M^ L 2M N 



\ m A\ 



V 



M w R M\ R 



(60) 



In Fig. (4) we plot the contribution of the effective mass due to the triplets, \m^\, for 
type-I and type-II seesaw model. The figure shows that for the type-I case and NH the 
triplet contribution can dominate over the light and heavy neutrino contributions in the 
cancellation regime. However for the other cases, i.e., type-I and IH and type-II (both NH 
and IH), the triplet contributions are always lower than the other two contributions. 

Note that in generating the above plots we have varied the mixing parameters in their 
3o" range and all phases between to 2n. However, note that the approximation Mheaviest = 
M& R may not be valid for all the parameter values and a more accurate analysis would 
require a correlated study of LFV and which is the beyond the scope of this paper. 



V. CONCLUSIONS 



Neutrino oscillation experiments have already provided us the first signature of physics 
beyond the Standard Model. At the present juncture the quest for new physics has also got 
an unprecedented momentum because of LHC A natural question is whether the origin of 
neutrino mass can be probed at LHC and it is hoped that the mist around the TeV scale may 
be uplifted by complimentary information from neutrino and collider experiments. Among 
neutrino experiments, observation of 0^/5/3 would signify lepton number violation and Ma- 
jorana nature of neutrino mass. However as is well known 0vf3(3 can also occur in many 
other scenarios and hence the specific nature of new physics may remain to be ascertained 
and in such situations LHC and LFV processes may provide complimentary information. 
This interrelation of (V/3/3 with LHC and LFV processes makes it a very engrossing and 
interesting topic of research at the present juncture. In this paper we scrutinize the implica- 
tions of (V/3/3 in left-right symmetric models with right handed gauge bosons and neutrinos 
around TeV scale. We analyze the effective mass within the frameworks of type-I and type- 
II dominance cases. For the latter case the hierarchy in heavy sector is same as that in 
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the light sector. For the former, we use some simplifying assumptions for relating the mass 
hierarchy of the heavy sector with that of the light sector. We identify the situations where 
the dominant contribution can come from the right-handed sectors. The various parame- 
ters chosen for our numerical work are consistent with constraints from neutrino oscillation 
experiments as well as results from LHC and Lepton Flavour Violation. In the light of 
recent announcement on the measurement of the third leptonic mixing angle from reactor 
experiments Daya Bay and RENO we have discussed the impacts of the measured value of 
#13 on the behaviour of effective mass. The regime of cancellations between different con- 
tributions to 0v(3(3 and their compatibility with present oscillation data are also presented. 
We note that in both type-I, and type-II dominance situations the right-handed contribu- 
tion can override the left-handed ones for smaller values of the lightest neutrino mass while 
in the quasi-degenerate regime the light neutrino contribution dominates. For the type-II 
dominance case the predictions for NH and IH including right-handed currents are in stark 
contrast compared to the case of only left-handed currents. Thus, signature of TeV scale 
LR symmetry at LHC may present a completely altered interpretation for effective mass 
governing 0v(3/3 process. 

VI. APPENDIX 

The canonical type-I seesaw in left-right symmetric model is automated through the 
presence of the bidoublet that generates the Dirac coupling, m D between left- and right- 
handed neutrinos while the type-II seesaw term tul is due to the presence of the triplet 
Higgs. The relevant Lagrangian reads as 



Mr is the Majorana mass matrix for the right-handed neutrinos which arises through the 
right handed triplet Higgs. The 6x6 neutrino mass matrix Eq.(62) can be diagonalized by 




(61) 



where Ai is the neutrino mass matrix which can be expressed as, 




(62) 
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the 6x6 unitary matrix U, defined as 

diag 



u 1 



° 




H 




V m D 


Mr J 





m 









J^fdiag 



and 



^7 



(63) 



where m dia9 = diag(mi, rri2, 1713) and M dta9 = diag(Mi, M2, M3) are the diagonal matrices 
with mass eigenvalues and Mj (2 = 1, 2, 3) for light and heavy neutrinos respectively. The 
primed and unprimed notations in the neutrino fields correspond to the flavour and mass 
eigenstates respectively. The complete unitary mixing matrix U can be parametrized as a 
product of two matrices U = W U v and can be expressed as [33] 



u = wu v 



-1$ U'r 



RU' R 




(64) 



{l-\B)R)U' R 

where W is the matrix which brings the 6x6 neutrino matrix, Eq.(62), in the block diagonal 
form and U v = diag(U' L ,U' R ) diagonalizes the left and right handed parts. The matrix R 
appearing in the Eq.(64) is R = m} D M R U . 

In left-right symmetric theories, the charged current interactions of leptons, in the flavour 
basis is given by 



C 



CO 



9_ y 



+ h.c. 



(65) 



t Ll^' aL W^ + £ aR ^N' aR W^ 

Assuming a basis such that the charged-lepton mass matrix is diagonal, the above can be 
rewritten in the mass basis as, 

3 



-cc 



V2 ^ ^ 



£aLlA(UL)aiVLi + (T) al N Ri }W£ 



+ h.c. 



(66) 



With this particular form of the charged current interaction, there are several additional 
diagrams to neutrinoless double beta decay. We have categorised them as: first that involves 
two Wl (the amplitude is denoted as A LL ), the second that involves the exchange of two 
Wr gauge bosons A RR ), and the third one that involves both Wl and Wr exchange at the 
same diagram A LR ). The amplitudes of the contributions from the different diagrams are 
as indicated below : 



ii) A LL oc 



w L 



(Fig.6a), 
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(a) (b) 



FIG. 5: Neutrinoless double beta decay contribution from light and heavy Majorana neutrino 
intermediate states from two Wi exchange. 




(a) (b) 



FIG. 6: Neutrinoless double beta decay contribution from light and heavy Majorana neutrinos 
from two Wr exchange. 

(ii) Atf<Xjfc-& (Fig. 6b), 

(iii) A™ oc (Fig. 7a) , 

(iv) ^oc^%^ (Fig. 7b), 

W R 

(vi) Atf«. ul \ r > T "'^- (Fig. 8b). 

W L W R 

There will also be the contribution from the triplet Higgs diagrams as given in Fig. (8). 
The amplitudes for the diagrams can be written as, 

w t, A r. 
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(a) 
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P 




(b) 




N, 



P 
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FIG. 7: Neutrinoless double beta decay contribution from light and heavy Majorana neutrino 
intermediate states from both left- and right- handed gauge bosons exchange at each vertices's. 
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FIG. 8: Neutrinoless double beta decay contribution from the charged Higgs intermediate states 
from Wl and Wr exchange. 



fii) A KH . oc 



A R ^ MIT" M a 



■IrVr- 



The time period for can be expressed as 

r 



In 2 



G 



M VL [ri L v L + Vu R + + Va L l ) + M Nr (r] N L + V § R + r) L N R + r)lf) | , (67) 



where the dimensionless parameters t] are denned as follows: 
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Vu 



lr M^ L U Let S: t m t 
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Inserting these the half-life is, 
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(68) 



m w R 



Mh „M"L T ei U* R 

2 u L ei o ei m l +p ^ 2 



M 



W R 



w R 



Mi 



MA w R Mi R 



In order to estimate the relative contributions of different terms note that our analysis is 
done Mw R ~ TeV and the heaviest right-handed neutrino is in the range ~ 500 GeV. Since 
m u ~ m 2 D /M R ~ 0.01 — 0.1 eV, m D pa 10 5 eV which in turn implies m D /M R ~ 10~ 6 — 10~ 7 ~ 
T ei ~ S e i and p 2 ~ 100 MeV. We also assume as illustrative values M^ L pa M^ R = 1 TeV. 
Then the order of magnitude of the various terms in the above expression are as follows, 

• U%im ~m»~ 0.01 - 0.1 
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Therefore, in the approximation the non-unitarity of the mixing is small (~ 10~ 6 ) the 
dominant contribution will come from the left-handed current with light neutrino exchange 
and the right-handed current with the heavy neutrino exchange. However in cases where 
these contributions vanish due to some cancellations the effective mass can be generated 
from the diagram 8(b) since the same cancellation condition may not be operative in this 
term [34]. However because of T e i term the overall contribution is still expected to be small 
for our choice of parameters. In our analysis we will therefore neglect this contribution. Also, 
if one assumes M{ ~ Ma h then the A# exchange diagram can also become significant. We 
have made some comments on this situation in the main text. We have neglected Wl — Wr 
mixing which is < (9(1CT 3 ) and would cause a further suppression. 
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